Light,¯uorescence and electron microscopy were used to analyse the structural properties of protoplasts obtained from established suspension culture of Solanum lycopersicoides Dun. composed of meristematic cell aggregates. Four types of protoplasts were distinguished immediately after isolation: (1) mononuclear; (2) polynuclear, (3) anuclear and (4) homogeneous protoplasts. Only mononuclear protoplasts were capable of complete cell wall regeneration and mitotic division. Other types of protoplasts were eliminated during culture. Three phases were distinguished in the developing protoplast culture: (1) the elimination phase during which protoplasts damaged during isolation underwent complete degradation; (2) a phase of intense division during which both mitotic cell division and amitotic nuclear division took place; and (3) a stabilization phase leading to the formation of suspension culture. The cell suspension culture obtained from protoplasts was capable of regenerating diploid plants.
INTRODUCTION
Many tissue propagation and plant regeneration techniques make use of the totipotential ability of plant cells (Smith and Drew, 1990) and are often used to improve cultivated plants. Solanum lycopersicoides is a wild species that could enrich domestic plants in the family Solanaceae because of its valuable characteristics; for example, its resistance to low temperature and to many bacterial and fungal diseases (Rick, 1987) . Due to these traits, this species has been investigated with regards to regeneration of plants from cell suspension cultures (Handley and Sink, 1985a) and isolated protoplasts (Handley and Sink, 1985b; Tan et al., 1987; Lefrancois and Chupeau, 1993) . However, these methods of plant regeneration have a low regeneration frequency and there are dif®culties in maintaining a stable culture. Because of this, somatic hybridization between S. lycopersicoides and other plants is dif®cult (Handley et al., 1986) .
Protoplast isolation and culture methods have contributed to the generation of somatic hybrids of many different species and genera, including species from the Solanaceae (e.g. Gavrilenko et al., 1992; Melchers et al., 1992; Ishige, 1995; Rooka et al., 1995; Chen and Adachi, 1998; Yemets et al., 2000) . Despite the unquestionable achievements in this ®eld, a number of dif®culties are still encountered during protoplast culture, the causes of which are not completely understood. One dif®culty is somaclonal variation (Peschke and Phillips, 1992) , often appearing as an increase in the ploidy level of cells that have (Samoylov and Sink, 1996; Chen and Adachi, 1998) or have not (Jones et al., 1989; Zhang et al., 1998 ) undergone protoplast fusion. There are also some reports of a lack of increase in ploidy level in plants regenerated from protoplasts (Burza and Malepszy, 1995) . The reason behind these differences has been variously ascribed to the effect of the genotype of the donor plants (Olin-Fatich, 1996) , the type of donor tissue (Shizukawa and Mii, 1997; Qiao et al., 1998) , the method of culturing protoplasts and plant regeneration (Firoozabady, 1986) , and the structural diversity of protoplasts (Korlach and Zoglauer, 1995; Laparra et al., 1997; Zhang et al., 1998) .
This work presents the results of a complex analysis of structural and ultrastructural differentiation of S. lycopersicoides protoplasts in order to seek structural evidence for the causes of somaclonal variation. The results are discussed in relation to the ascertained genetic stability of the regenerated plants.
MATERIALS AND METHODS

Protoplast isolation and plant regeneration
Due to the dif®culty in establishing a sharp time boundary between protoplasts and the cells derived from them, we use the term`protoplast' for any structure that is formed in culture.
A suspension culture for protoplast isolation was established from root primordia culture of S. lycopersicoides Dun. (Tylicki et al., 2000b) (Murashige and Skoog, 1962) medium (2,5D.E) containing 2375 mg l ±1 KNO 3 , lacking NH 4 NO 3 , and supplemented with 2500 mg l ±1 edamine and 1 mg l ±1 2,4D (2,4-dichlorophenoxyacetic acid). The medium was changed once a week. Culture on this medium is described below as the initial culture.
Protoplast isolation was carried out according to Burza and Malepszy (1995) for 20±22 h at 28°C. Protoplasts were puri®ed in CPW±0´25 solution (Orczyk and Malepszy, 1985) (a protoplast washing solution; Freason et al., 1973) . The number of protoplasts was determined in a Fuchs± Rosenthal chamber. Protoplasts with a density of 1 Q 10 5 ml ±1 were plated on 60 mm Petri dishes in 2 ml 2,5D.E liquid medium supplemented with 0´25 M mannitol (2,5D.E 0.25 ). In successive passages, the mannitol concentration was decreased (see Table 1 ). To initiate shoot organogenesis, tissue obtained from protoplasts was cultured on liquid MS medium containing 2 mg l ±1 benzyloadenine (BA). Culturing took place under lights (54 mmol m ±2 s ±1 ) on a shaker (150 rpm), with a 16 h photoperiod, passaging every 2 weeks. To regenerate plants, cell aggregates with shoot primordia were transferred to solid mineral MS medium without growth regulators.
Analysis of the nuclear DNA content of the initial culture and regenerated plants was performed in a¯ow cytometer (Partec CAII; Mu Ènster, Germany) according to the procedure described by Malepszy et al. (1998) .
The following material was taken for microscopic analysis [light,¯uorescence and transmission electron microscopy (TEM)]: (1) fraction of small aggregates from the initial culture; (2) protoplasts directly after isolation and 12 h, 1, 2, 4, 8 and 16 d after isolation; and (3) cell aggregates obtained from protoplast culture.
Light microscopy
To obtain a morphological description of the protoplasts, they were ®xed for 2 h in 2 % glutaraldehyde, pH 7´2 (0´1 M cacodylate buffer), supplemented with 0´25 M mannitol, and were stained with 1 % carmine acetate. To determine the mitotic index of the initial culture and the suspension culture obtained from protoplasts, the ®xed material was subjected to the Feulgen reaction. Material for microscopic analysis was ®xed as described above, dehydrated in ethanol and embedded in methacryl resin (Technovit 7100; Heraeus Kulzer, Wehrheim, Germany) (Tylicki et al., 2000a) . Sections approx. 4 mm thick were cut using a microtome Mikrom HM 340E (Adamas Instrumenten BV, Leersum, Holland) and stained with 0´5 % toluidine blue. The preparations were observed and photographed using a light microscope NU (Zeiss, Jena, Germany).
Fluorescence microscopy
For¯uorescent staining of the nuclei, ®xed material was stained in toto for 10±15 min in 0´0001 % DAPI (4¢,6¢-diamidino-2-phenylindole; Sigma), and cell walls were stained with 0´05 % calco¯uor (Sigma) for 10± 15 min. The preparations were examined using a Nikon uorescence microscope at an excitation wavelength of 365 nm (maximum emission approx. 420 nm), and photographs were taken. The viability of fresh isolated protoplasts was determined by the¯uorescein diacetate test according to Hunag et al. (1986) , using¯uorescence microscopy.
Electron microscopy
Material was ®xed for 2 h in 2´5 % glutaraldehyde, pH 7´2 (0´1 M cacodylate buffer), with 0´25 M mannitol, and then for 12 h in 1 % OsO 4 . After ®xation it was dehydrated in ethanol and embedded in a mixture of epoxide resins (Epon±Spurr) using propylene oxide. Ultra-thin sections (approx. 80 nm) were cut on an LKB ultramicrotome (Bromma, Sweden), contrasted using uranyl acetate and lead citrate (Reynolds, 1963) and analysed in a TEM (JEOL JEM 100C, Akishima, Japan).
Calculations
To characterize the development of a protoplast culture the following calculations were made: (1) the proportion of the four types of protoplasts in culture were calculated directly after isolation and also after 1, 2, 4, 8, 16, 30 and 60 d. One thousand protoplasts were categorized on each date. (2) The mitotic index was calculated for 1000 cells of the initial culture and for 1000 protoplasts 4, 8, 16, 30 and 60 d after isolation. (3) The percentage of protoplasts with regenerated cell walls was calculated for 1000 protoplasts of each type 16 d after isolation. (4) Average numbers of mitochondria, plastids and dictyosomes were recorded on ultrathin sections prepared from suspension of protoplasts derived from three independent cultures 16 d after isolation. For each calculation three sections were taken. First, an ultra-thin section was taken for calculation; ®ve semi-thin sections were then discarded, and the next ultra-thin section was taken for calculation. Each ultrathin section included about 50 protoplasts. The average number of mitochondria, plastids and dictyosomes in mononuclear protoplasts and polynuclear protoplasts was compared statistically. Results were evaluated using the Shapiro±Wilk W-test to check that the distribution was normal. When data were not normally distributed, the signi®cance was determined using the Mann±Whitney U-test, whereas a Student's t-test was used if the distribution was normal. In the case of all comparisons, the Levene L-test showed that the variances were homoscedastic. All calculations were repeated at least three times on samples that derived from independent experiments.
R E S U LT S
Characterization of the initial culture and protoplasts immediately after isolation
The initial culture used for protoplast isolation was composed of small aggregates of cells of typically meristematic character (Fig. 1A) . Because of the structural similarity of all cells from these aggregates, the culture was considered to F I G . 1. Light micrographs showing the structure of the initial culture cells and groups of protoplasts immediately after isolation. Material was ®xed in 2 % glutaraldehyde, pH 7´2 (0´1 M cacodylate buffer). A, C, D±F, Stained with toluidine blue; B, stained with carmine acetate, photographed in toto. A, Section through cell aggregate of initial culture composed of small meristematic cells. B, Two protoplasts undergoing fusion. C, Section through mononuclear protoplast. Note the centrally located nucleus with nucleolus, surrounded by cell organelles. D, Section through polynuclear protoplast. In the centre of the protoplast is a group of ®ve nuclei, three of which have a nucleolus. Note the numerous cell organelles in the cytoplasm. E, Section through an anuclear protoplast. A large vacuole occupies the central position, while disintegrating organelles can be seen in the cytoplasm. F, Section through homogeneous protoplast. Note the clearly visible plasmalemma and the thick, almost completely homogeneous, cytoplasm. Bars = 10 mm.
be homogeneous. The results of the ploidy measurements bȳ ow cytometry indicated that the cells were mixoploid ( Fig. 2A) . From 12 ml of this suspension, 5±6 Q 10 6 protoplasts were obtained. Of the fresh isolated protoplasts, 79 % were shown to be living. Directly after isolation and puri®cation the protoplast population was non-homogeneous. Four types could be distinguished: (1) mononuclear (52´2 %), (2) polynuclear (28´3 %), (3) anuclear (9´5 %) and (4) homogeneous protoplasts (10 %) (Figs 1C±F and 3A±D) .
Mononuclear protoplasts had one large nucleus, most commonly with a nucleolus (Figs 1C and 3A) . Their cytoplasm was dense and contained vacuoles, free ribosomes, a well-developed endoplasmic reticulum, active dictyosomes and small plastids with starch grains (Fig. 4A  and B) . Mitochondria of these protoplasts were characterized by a dense matrix with clearly visible and numerous cristae (Fig. 4B) .
Polynuclear protoplasts were formed as a result of spontaneous fusions during isolation (Fig. 1B) . They had two to several centrally located nuclei ( Figs 1D and 3B) , and a large number of mitochondria, plastids and dictyosomes (Table 2) , which seemed to be smaller than the organelles in the mononuclear protoplasts (compare Fig. 1C and D) . These protoplasts had a thick cytoplasm with numerous plastids and mitochondria (Fig. 4C) . The central part of the mitochondria was characteristically electron-transparent (Fig. 4D) .
As shown by in toto observation under a light microscope, anuclear protoplasts did not have nuclei (Fig. 3D) . Their strong vacuolization was visible in sections (Figs 1E and 4E) . The cytoplasm of anuclear protoplasts was diluted and contained degenerated cell organelles that often occurred in clusters (Fig. 4E) .
Homogeneous protoplasts had very dense cytoplasm and the cell organelles were dif®cult to distinguish under a light microscope ( Figs 1F and 3C) . Using an electron microscope, they were shown to contain almost exclusively free ribosomes. Sporadically degenerating mitochondria were found with a very thin matrix, almost totally devoid of cristae (Fig. 4F) , concentric systems of endoplasmic reticulum cisternae, and large, frequently fusing lipid bodies (Fig. 4G ).
Structure and ultrastructure of protoplasts entering the division phase
Twelve hours after isolation, signi®cant changes took place in protoplast ultrastructure. Groups of several dictyosomes often formed in the cytoplasm of a mononuclear protoplast (Fig. 5A ). An increased number of vesicles was also observed around the dictyosomes (compare Figs 4B and 5A ). In the cytoplasm multi-vesicular bodies appeared (Fig. 5B ), which were transported outside the plasmalemma where they participated in the formation of the cell wall (Fig. 5C ). Sixteen days after isolation, 79 % of the protoplasts had a cell wall; mononuclear protoplasts predominated among these (Fig. 3F) . Polynuclear protoplasts were less capable of regenerating a cell wall (Fig. 3E) , and homogeneous and anuclear protoplasts rarely formed one (Fig. 6) .
The ability to regenerate a cell wall correlated with mitotic divisions, which took place only in mononuclear protoplasts. The effects of mitotic division, in the form of two-cell aggregates, were noted 2 d after isolation (Figs 3G and 5D) . After 16 d, 28 % of the protoplasts had already undergone division and the mitotic index was 3´9 %, which corresponded approximately to the value of the mitotic index of the initial culture (Fig. 7) . The results of the divisions were cell aggregates forming a suspension. Concomitantly with mitotic division, signi®cant changes occurred in the shape of the protoplast nuclei between the fourth and eighth day after isolation. Some of the nuclei changed shape from spherical to irregular and strongly folded. This led to the formation of very deep constrictions within them (Fig. 5E ). The consequence of these changes was amitotic nuclear divisions (Fig. 5F ). Eight days after isolation, the number of polynuclear protoplasts (Fig. 5G) increased (up to 50 %), and then, after the eighth day of culture, decreased again (together with a decrease in mannitol content in the medium; Fig. 8 ).
Phases of protoplast culture
Structural changes during protoplast culture allowed three phases to be distinguished: (1) elimination, (2) intense division activity and (3) stabilization.
The elimination phase (up to 48 h after isolation) was marked by a tendency for the proportion of mononuclear protoplasts to increase and for the remaining types of protoplasts to decrease (Fig. 8) . This was caused by the progressive elimination of anuclear, homogeneous and polynuclear protoplasts.
The phase of intense division activity (from 48 h to 8 d) was marked by an initial decrease in the proportion of mononuclear protoplasts and a considerable increase in the proportion of polynuclear protoplasts (Fig. 8 ). This was caused by an intensi®cation of the process of amitotic nuclear divisions. At this stage, the process of cell wall regeneration in mononuclear protoplasts was ending, which initiated the intense mitotic divisions. Homogeneous protoplasts were totally eliminated (Fig. 8) .
In the stabilization phase (from the eighth day until the formation of a ®ne aggregate suspension culture), a considerable increase in the proportion of mononuclear cells occurred, and the ®nal anuclear and polynuclear protoplasts were eliminated (Fig. 8) . This phase led to the reformation of a small aggregate suspension capable of plant regeneration.
Plant regeneration
During the 2 months from initiation of the protoplast culture, an established cell suspension was obtained com- posed of small aggregates and single cells (Fig. 9A) . The aggregates forming in culture did not show structural differentiation and resembled aggregates of the initial culture (compare Figs 1A and 9B ). This culture was passaged on liquid MS medium containing 2 mg l ±1 BA and cultured under light to initiate shoot regeneration. After 1 week, shoot primordia appeared on the surface of aggregates (Fig. 9C) . Further culture on solid MS medium without organic substances (with the exception of sucrose), led to the formation of plants with a frequency of approx.
TAB L E 2. Number of mitochondria, plastids and dictyosomes in mono-and polynuclear protoplasts 16 d after isolation
Protoplast type Mitochondria Plastids Dictyosomes
Data are means T s.d. * Mann±Whitney U-test, P < 0´01. ² Student's t-test, P < 0´05.
F I G . 5. Changes in the structure and ultrastructure of protoplasts during regeneration of the cell wall, mitotic cell division and amitotic nuclear fragmentation. A±C and E, Material prepared in the standard way for TEM analysis (as in Fig. 4) 76 % (Fig. 7D ). As shown by¯ow cytometry, regenerated plants were characteristically diploid (Fig. 2B ).
D IS C U S SIO N
In our experiments, diploid plants that were characterized by profound structural differentiation were obtained from a protoplast culture. The plants were stable with respect to ploidy levels. This result led us to investigate the causes of the formation of a heterogeneous protoplast culture and its transformation into a population of homogeneous plants.
Our results proved that from a structurally uniform initial culture, a protoplast population was formed that was highly heterogeneous both morphologically and physiologically.
The heterogeneity of the culture may be due to the fact that protoplasts are liberated gradually from cell aggregates in a centripetal direction as a result of the surface action of enzymes digesting cell walls. Therefore, protoplasts that are liberated ®rst are exposed for much longer to the enzymatic solution which may be the cause of structural and functional perturbations. Moreover, it is known that the isolation procedure favours the formation of polynuclear protoplasts through the process of spontaneous fusions (Grambow et al., 1972; Fowke et al., 1973; Carlberg et al., 1984) . An additional factor affecting the heterogeneity of the protoplast population is amitoses (Novak, 1981; Carlberg et al., 1984) . Our results clearly indicate that the amitotic process takes place only in a de®ned culture phase (intense division activity). The occurrence of additional variability due to amitoses besides that due to spontaneous protoplast fusions indicates that the elimination of spontaneous fusions (e.g. by using a two-step procedure for protoplast isolation) is insuf®cient for complete prevention of non-homogeneity in the protoplast culture. The heterogeneous protoplast culture obtained from a homogeneous initial culture contained four types of protoplasts. Polynuclear protoplasts had an increased number of cell organelles in comparison with mononuclear ones (Fowke et al., 1973) . The variability in the number of organelles could be the result of progressive degradation of cell organelles not correlated with the degradation of nuclei. As a result of extensive changes in cells of the initial culture, most probably linked to the long isolation process, homogeneous protoplasts were formed.
The elimination of these structures took place in the early stage of culture. Anuclear protoplasts were present in the culture for longer. As they were not capable of division it should be assumed that they were formed de novo. Their source could have been polynuclear protoplasts undergoing degradation. This hypothesis is supported by the increase in the proportion of anuclear protoplasts concomitant with a decrease in the proportion of polynuclear protoplasts during the stabilization phase. Mononuclear protoplasts survived the isolation procedure without serious structural changes. Protoplast heterogeneity is one of the causes of somaclonal variation (Peschke and Phillips, 1992) . Protoplasts obtained from different sources constitute a homogeneous or heterogeneous population, depending on the type of donor tissue. A homogeneous protoplast population is often obtained from leaf mesophyll protoplasts and leads to the regeneration of genetically stable plants (Firoozabady, 1986; Shizukawa and Mii, 1997) , although this occurs less frequently in the case of protoplasts from a suspension culture (Qiao et al., 1998) where genetically altered plants may be obtained (e.g. Handley and Sink, 1985b; Jones et al., 1989; Yamagishi et al., 1997) . Despite the isolation of protoplasts from a suspension culture and the heterogeneity of protoplasts after isolation, only diploid plants were regenerated in our work. This situation indicates the induction of processes eliminating anomalies during the culture, which guarantee a return to the state of structural homogeneity. One such process was the regeneration of the cell wall. The process of cell wall regeneration starts 2±4 h after isolation, and after 3 d 60±70 % of protoplasts have regenerated cell walls (Zhao et al., 1995) . Similar results were obtained in our experiment; however, only mononuclear protoplasts were capable of complete cell wall regeneration. The remaining groups of protoplasts (polynuclear, anuclear and homogeneous) are characterized by serious structural perturbations and, in general, they did not regenerate cell walls. The gradual decrease in mannitol concentration in the culture medium was a very important factor in the progressive elimination of protoplasts incapable of cell wall regeneration. Cell divisions were inseparably linked to cell wall regeneration. Therefore, of all the types of protoplast, only mononuclear protoplasts were capable of cell division. In contrast to the results of Korlach and Zoglauer (1995) , polynuclear protoplasts did not undergo cytokinesis in our experiments. The ®rst divisions of mononuclear protoplasts were observed between the second and fourth days of culture, as documented for protoplast cultures of other species from the family Solanaceae (Handley and Sink, 1985b; Cardi et al., 1990; Latif et al., 1993; Hossain et al., 1995) . As a result of mononuclear protoplast division, a ®ne aggregate suspension culture was formed whose aggregates were composed of meristematic cells. Appropriate culture conditions produced a selection process the consequence of which was the return of the culture to a homogeneous state and which led to the regeneration of genetically stable diploid plants.
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We thank Tomasz Suchowolec and Jan Czerniecki for help in preparation of ®gures; Piotr Jadwiszczak for statistical evaluation and Kirk Palmer for language improvement. Fig. 1) . A, Aggregates of a suspension culture obtained from isolated protoplasts 2 months after isolation. B, Micrograph of a section of aggregates from A. C, Shoot primordia derived from isolated protoplasts 2 weeks after passaging on solid regeneration medium. D, Plant regenerated from shoot primordia shown in C (natural size). Bars = 10 mm (A and B), 1 mm (C).
